Airborne radar analysis of a mesovortex that developed near the apex of a bow echo is presented. The mesovortex was shown to play a critical role in determining the location of intense "straight-line" wind damage at the surface. The perturbation pressure gradient force (in natural coordinates) along the parcel path accelerated the horizontal winds; however, intense mesovortices modified the low-level outflow and largely determined the locations where the strongest winds occurred. Regions of maximum winds are accounted for as a superposition of the vortex and the flow in which it is embedded. The strongest winds occur on the side of the vortex where translation and rotation effects are in the same direction. This model explains the observed tongue of high wind speeds that were confined to the periphery of the mesovortex. The origin of the mesovortex is also examined. Similarities and differences of this bow echo event with recent modeling studies are presented.
Introduction
The life cycle of the bow echo and its relationship with straight-line wind damage and tornadoes was first proposed nearly three decades ago (Fujita 1978) . Subsequent investigations have revealed that this echo type is one of the more common modes of convective organization associated with severe weather (e.g., Fujita and Wakimoto 1981; Johns and Hirt 1987; Przybylinski 1995; Weisman 2001) . There have been a number of attempts to simulate the bow echo in order to understand how a quasi-linear convective system evolves into a bow shape (e.g., Weisman 1992 Weisman , 1993 Weisman and Davis 1998; Weisman and Trapp 2003; Trapp and Weisman 2003) . However, there has been no comprehensive observational study that has captured the life cycle of a bow echo during the time that severe outflow winds were being produced (e.g., Schmidt and Cotton 1989; Jorgensen and Smull 1993) . Burgess and Smull (1990) , Przybylinski (1995) , and Atkins et al. (2004 Atkins et al. ( , 2005 , among others, have examined severe bow echoes using single-Doppler radar data. Atkins et al. (2005) combined a detailed damage survey with single-Doppler velocity data of a bow echo in order to document the relationship between tornadoes and straight-line wind damage. Fujita (1981) has presented the only known multi-Doppler wind syntheses of a bow echo while it was producing damaging winds at the surface. Unfortunately, his study was only for one analysis time and was confined to a single height.
A key question in past studies was documenting the mechanism(s) that produce intense outflow at the surface. The prevailing hypothesis was that an intense, descending rear-inflow jet [a characteristic feature that develops in the stratiform region of mesoscale convective systems (MCSs), e.g., see Smull and House (1987) ] was responsible for the damaging winds. Detailed aerial and ground surveys, however, have revealed swaths of damage that appear to be too small to be attributed to a descending rear inflow (Fujita 1978 (Fujita , 1981 Fujita and Wakimoto 1981; Forbes and Wakimoto 1983; Funk et al. 1999) . Fujita (1978) , Burgess and Smull (1990) , and Wakimoto (2001) have suggested that these smaller swaths of damage might be associated with downdrafts produced by individual thunderstorms within the convective line (i.e., microbursts).
In contrast, a novel hypothesis has been recently advanced by Weisman and Trapp (2003) and Trapp and Weisman (2003) based on numerical simulations of bow echoes. They suggest that the damaging winds at the surface were caused by strong mesovortices developing at the leading edge of the outflow boundary. The existence of these mesovortices is not surprising because it is well known that bow echoes can spawn tornadoes (e.g., Fujita 1978; Forbes and Wakimoto 1983; Atkins et al. 2004; Trapp et al. 2005 ). Trapp and Weisman (2003) propose that the mesovortices create mesolows via the fluid shear terms in the diagnostic perturbation pressure equation. The strong winds were, subsequently, driven by the horizontal pressure gradients created by these mesolows. To date, no detailed observational study has been undertaken that could confirm or refute this hypothesis.
A squall line developed over eastern Nebraska in the evening of 5 July 2003 during the Bow Echo and Mesoscale Convective Vortex (MCV) Experiment (BAMEX; Davis et al. 2004 ). An airborne Doppler radar was deployed on the convective system and was able to capture the transition of a quasi-linear convective system into a bow echo while it was producing straight-line wind damage rated greater than F1 in intensity (Fujita 1981) near Omaha, Nebraska. Wakimoto et al. (2006, hereafter Part I) documented the overall evolution of the 5 July storm, hereafter, referred to as the Omaha bow echo. The kinematic structure of the bow echo was superimposed on a detailed damage survey to relate the Doppler wind syntheses with intense winds at the surface. Several maxima of positive vertical vorticity along the gust front, suggesting the presence of mesovortices, were resolved in the dualDoppler wind syntheses. These vorticity maxima appear to be closely associated with the strongest wind damage. This paper reexamines the Doppler wind syntheses at much higher resolution than was presented in Part I. The objective is to relate the structure of mesovortices to the damaging winds produced by a bow echo. Accordingly, analyses over a smaller region (21 km ϫ 21 km) were created in order to describe the kinematic structure near the apex of the bow echo. In particular, the life cycle of an intense mesovortex that developed at this location is shown. Section 2 briefly describes the airborne Doppler radar platform used in this study. A close examination of the evolution of an intense mesovortex and its relationship to damaging winds at the surface is presented in section 3. Section 4 examines the possible forcing mechanism of the strong winds, and section 5 describes the origin of mesovortices developing along the leading edge of the outflow boundaries. A summary and discussion is presented in section 6.
ELDORA
The primary data source for this study was data collected by an airborne Doppler radar called the Electra Doppler radar (ELDORA). The platform is maintained and operated by the National Center for Atmospheric Research (NCAR) and is mounted within the tail section of a Naval Research Laboratory (NRL) P-3. Further discussion of the radar parameters, scanning technique, and flight tracks is presented in Part I of this manuscript. The synthesis of the Doppler velocities into a three-dimensional wind field presented in this paper is discussed in the appendix. The radar data were interpolated onto a finer grid because the segment of the convective line under investigation was confined to a smaller region than was shown in Part I.
The evolution of the mesovortex near the apex and its relationship to surface damage
Part I of this study presented analyses that examined a substantial portion (ϳ90 km) of a quasi-linear convective system. While this domain is appropriate to document the overall storm structure, the details of the relationship between the mesovortices and surface damage could not be ascertained. Accordingly, this section presents analyses over a smaller region indicated by the small black boxes that were drawn on Figs. 10, 12, 14, and 15 in Part I in order to describe the kinematic structure near the apex of the bow echo.
a. 0510:01-0522:20 UTC
The first pass near the MCS was executed between 0510-0522 UTC. As discussed in Part I, the storm was entering the western section of Omaha and the storm outflow resulted in sporadic damage rated ϽF0 on the Fujita scale (Fujita 1981) . The intense convection was quasi linear at this time because the system had not yet entered the "bowing" stage. The region depicted in Fig.  1a shows a segment of the line where the bow apex will form in subsequent analyses.
The gust front is shown by the line of convergence (indicated by the red arrows) evident in the groundrelative wind field and the single-Doppler velocity plot at 300 m above ground level (AGL; hereafter, all heights are AGL). The position of the gust front can also be identified in the radar reflectivity plot as a thin line of radar reflectivity (Wilson and Schreiber 1986) . There were updrafts along the gust front with peak values exceeding 12 m s
Ϫ1
. The gust front was also distorted into an S-shaped pattern (note the region characterized by 0 m s Ϫ1 in single-Doppler velocity). This type of distortion of a frontal boundary is frequently associated with a mesocirculation or mesovortex. Indeed, a maximum in cyclonic vorticity Ͼ12 ϫ 10 Ϫ3 s
(indicated by the "X") is positioned near the center of the S pattern. A smaller vorticity maximum is located ϳ5 km to the north along the gust front. The red dots labeled on the single-Doppler velocity image denote two extensions of strong velocities toward the radar (indicated by the areas colored light blue). The proximity of these high-velocity pockets to the mesovortices along the gust front suggests that there may be a relationship between strong winds and vorticity centers as suggested by Trapp and Weisman (2003) . The isotachs of horizontal velocity (shown by the white lines) in Fig. 1a reveal that the strongest winds within the cold pool are Ͼ40 m s Ϫ1 and located ϳ12 km to the west of the frontal boundary. The dashed red line denotes the position of the damage/nodamage boundary (refer to Figs. 5 and 10 in Part I). Accordingly, most of the region encompassed by the box shown in the Fig. 1a was devoid of surface damage.
A west-east vertical cross section through the center of the developing mesovortex is presented in Fig. 2a . The strongest vertical vorticity is near the surface and centered at the thin line. The circulation tilts westward with increasing height but only extends a few kilometers above the surface. These characteristics are consistent with the numerical results presented by Weisman and Trapp (2003) .
b. 0524:20-0536:21 UTC
The MCS was in the early stages of forming a bowshaped echo during the subsequent analysis time (Fig.  1b) . Damage at the surface was occurring over an extensive region and was rated between F0 and F1. The mesovortex was located to the north of the apex of the bow and had strengthened at this time (Ͼ18 ϫ 10 Ϫ3 s Ϫ1 ). A closed circulation is apparent in the stormrelative wind field and a rotational couplet in the singleDoppler plot is collocated with the mesovortex (the couplet was also evident in the radar analysis presented in Part I). The isotachs and single-Doppler velocities illustrate that the gradient of velocity on the cold-air side of the outflow boundary was increasing to the south of the mesovortex. Another well-defined mesovortex is located ϳ12 km to the northeast of the primary circulation.
The updrafts along the gust front had intensified but were segmented in Fig. 1b . Comparison with the vertical vorticity plot reveals that the mesovortices are positioned in the weak updraft regions. The relationship between vertical velocity and vorticity along an outflow boundary has been documented by Mueller and Carbone (1987) . Intense rotation produces low pressure owing to the fluid shear terms in the perturbation pressure equation (Klemp and Rotunno 1983) . A downward-directed pressure gradient force develops if the rotation is strongest at the surface. As a result, the updrafts will be suppressed or a downdraft may develop in these regions. These findings were also shown by Weisman and and Trapp and Weisman (2003) .
Another feature that is apparent in the vertical vorticity analysis is the tendency to form a vortex couplet at the leading edge of the outflow. Indeed, both cyclonic vortices are accompanied by a weaker region of anticyclonic vorticity (ϽϪ6 ϫ 10 Ϫ3 s Ϫ1 ) located a few kilometers to the north. While the cyclonic vortices are positioned along the gust front, the anticyclonic vortices are displaced to the west, within the cold air. It should be noted that a vortex couplet associated with the main mesovortex was also apparent in Fig. 1a .
A major change in the kinematic structure of the mesovortex is evident in the west-east vertical cross section shown in Fig. 2b . Recall, that the quasi-linear convective system was beginning to "bow out" at this stage. The bulging and acceleration of the echoes was in response to an intensifying and descending rear-inflow jet. The mesovortex is embedded within an updraft and now appears to extend to 7-8 km. The circulation has also intensified via vortex stretching with the peak values Ͼ20 ϫ 10 Ϫ3 s Ϫ1 at 3 km. The intense outflow at low levels is evident by the pronounced tilt in the mesovortex with height.
c. 0538:00-0548:26 UTC
Strong outflow winds were creating damage at the surface rated ϾF1 during the third pass of ELDORA by the storm (Fig. 1c) . The radar reflectivity data pre- sented at a coarser resolution in Part I suggested a hook-like feature formed at the bow apex. This is confirmed with the higher-resolution analysis presented in Fig. 1c . A well-defined hook echo with a diameter of ϳ9 km is apparent in the figure. The mesovortex has entered its most intense phase and a pronounced circulation can be identified in the storm-relative wind field.
The mesovortex is not centered within the F1 contour but is displaced to the north. The 30 m s Ϫ1 isotach outlines a pronounced tongue of high wind speeds that is wrapping around the western and southern periphery of the mesovortex in Fig. 1c . Peak wind speeds Ͼ40 m s Ϫ1 are now close to the leading edge of the outflow and within the F1 isopleth. The westerly ground-
relative flow in the area of most intense damage is consistent with the vectors plotted in Fig. 5b in Part I. Atkins et al. (2005) has presented single-Doppler velocity data that suggest that there is a displacement between the mesovortex and the region where the strongest damage occurs (see their Fig. 8 ).
d. 0549:56-0602:23 UTC
A spearhead echo (Fujita and Byers 1977; Fujita 1985) formed at the apex of the bow echo during the fourth analysis time as shown in Fig. 1d . The singleDoppler velocities and wind syntheses shown in the figure suggest that the low-level flow was strongest at this time. However, the aerial and ground survey superimposed onto the analyses illustrates that the most intense winds had weakened. The damage intensity was rated between F0 and F1. These results provide further evidence concerning the tenuous relationship between the strongest single-Doppler velocities at low levels and surface damage. Accordingly, it can be challenging to pinpoint the exact areas that are susceptible to damaging winds using an operational Doppler radar. Trapp and Weisman (2003) hypothesize that the horizontal pressure gradients produced by the mesovortices in their simulations are important in creating regions of high speeds that could produce damage. To test this hypothesis, the perturbation pressure field was retrieved from the Doppler wind syntheses using a technique first proposed by Gal-Chen (1978) . An explanation of the retrieval technique is described in the appendix.
The origin of the strong surface winds
The retrieval for the 0538-0548 UTC wind field at 300 m is shown in Fig. 1c . The gust front, except at the location of the mesovortex, is characterized by a ridge of high perturbation pressure owing to the fluid extension terms in the diagnostic pressure equation (i.e., strong horizontal convergence at the frontal boundary). The mesovortex was accompanied by a mesolow with a minimum perturbation pressure ϽϪ2 mb that was centered at the tip of the hook echo. A retrieval of the cyclostrophic component of the perturbation pressure in the storm-relative field (not shown) reproduces the mesolow pattern shown in Fig. 1c . Accordingly, the mesovortex was primarily in cyclostrophic balance.
Backward trajectories that terminated near the tip of the tongue of high wind speeds (outlined by the 30 m s Ϫ1 isopleth in Fig. 1c ) were calculated in order to isolate the possible forcing mechanism. The 0510-0522, 0524-0536, and 0538-0548 UTC Doppler wind syntheses were used in the trajectory analysis. The dualDoppler velocities were linearly interpolated between time steps (10 s) and a fourth-order Runge-Kutta method was used to determine the grid points for each step of the path. Air parcels at the lowest grid level were released every 10°in a circle whose radius was varied between 1 and 2 km. All parcels essentially followed parallel paths. Accordingly, the track shown in Fig. 1c was selected as the one that best represented the mean path of the tracks. Selecting another parcel path, however, would not have altered the conclusions presented in this section.
The height of the parcel for the preceding 13 min was Ͻ500 m (Fig. 3a) , suggesting that the strong winds did not originate from higher levels and descend within a thunderstorm downdraft. This would discount outflow from a microburst as a causal mechanism for the damaging surface winds. The observed values of horizontal wind speed show a continual increase in the speed during the last ϳ5 min along the parcel path (Fig. 3b) . Also shown at the top of Fig. 3b is the component of the perturbation pressure gradient force in natural coordinates (hereafter; referred to as pressure gradient force) along the parcel path. Using the observed horizontal wind speed at the end of the parcel trajectory, a backward Lagrangian calculation of the wind speed based solely on the contribution of the pressure gradient force was determined. The result is labeled as the "calculated horizontal wind speed" in the figure. Although the two plots are not identical, the similar shapes of the observed and calculated curves suggest that the pressure gradient force is important in generating high wind speeds in bow echoes. This appears to substantiate the hypothesis advanced by Trapp and Weisman (2003) . The most likely reason that the pressure gradient force overestimates the actual acceleration is owing to the neglect of turbulent mixing, which will systematically reduce the magnitude of localized jets. It is also possible, however, that the overestimation is a result of the budget imbalance associated with the coarse time resolution between the wind syntheses.
A closer examination of the wind field in Fig. 1c , however, suggests that the pressure forces alone do not fully explain the observed pattern of high winds near the surface. The parcel trajectory would be expected to terminate closer to the center of the mesolow if the pressure gradients created by the mesolow dominated. Instead, the parcel skirts around the periphery of the mesolow (this path is largely a consequence of the cyclostrophically balanced flow within the mesovortex mentioned earlier). Further evidence is the tongueshaped structure of the 30 m s Ϫ1 isotach in Fig. 1c , which wraps around the mesovortex and mesolow. Parcels that terminated near the center of the mesolow were examined in order to assess their origin. The vertical pressure gradient force (downward pointing) dominated in this region because the minimum perturbation pressure within the mesolow was located near the surface. As a result, the parcels descended from aloft in a spiral manner. These air parcels were not responsible for generating the strongest damaging winds shown in Fig. 1c even though they were located near the region of strong horizontal pressure gradients.
The displacement of the high wind speeds (and damage) to the southern flank of the mesovortex is consistent with the superposition of a vortex and the flow in which it is embedded. This type of asymmetry is commonly observed during poststorm surveys of tornado and hurricane damage. The strongest winds typically occur on the side of the vortex where translational and rotational effects are in the same direction (e.g., Shea and Gray 1973; Fujita 1981; Holland 1987; Wakimoto and Black 1994 ).
An attempt was made to determine whether a vortex superposition onto the flow could account for the wind field shown in Fig. 1c . The Poisson equation for the perturbation streamfunction (ٌ 2 Ј ϭ ) was solved assuming that the vertical vorticity was zero everywhere outside of the mesovortex and that the perturbation streamfunction was equal to zero on the lateral boundaries. This boundary condition required the use of the Doppler wind syntheses over the large domain described in Part I. The retrieved streamfunction was used to compute the nondivergent component of the wind field. These winds were subsequently subtracted Fig. 1c .
from the Doppler wind syntheses to create a modified wind field without the effect of the mesovortex. The result of these calculations is presented in Fig. 4 . The impact of the mesovortex is illustrated by comparing the two plots shown in the figure. The pocket of high winds (Ͼ35 m s
Ϫ1
) responsible for the F1 damage on the southern periphery of the mesovortex has been removed in Fig. 4b . The strongest postfrontal winds are now displaced much farther to the north and appear to be a result of the descending rear-inflow jet, as would be expected. This analysis suggests that the high winds noted during this time were largely accounted for by the superposition of the mesovortex on the flow.
Another segment of the convective line was examined based on data collected during the 0549:56-0602:23 UTC analysis time (Fig. 5) . A small bowshaped echo developed at this location and was associated with microburst damage at the surface. The area affected by the microburst is highlighted by the circular F0 contour. Confirmation that this region was affected by damaging microburst winds is revealed by the pocket of strong, negative single-Doppler velocities (ϽϪ42 m s Ϫ1 ) in Fig. 5 that are near the F0 contour (also shown by the 40 m s Ϫ1 isotach of ground-relative winds).
A region of cyclonic vertical vorticity is displaced to the northern part of the F0 contour and no closed circulation could be identified in the storm-relative wind field. In addition, the peak cyclonic vorticity values were weaker than those presented in Fig. 1c . Similar to the earlier discussions, a trajectory that best represents the mean path of all tracks through the region characterized by damage intensity ϾF0 is drawn on the figure.
The parcel passes through a rear-inflow notch, that is, a notch that forms along the trailing edge of the convective line and usually indicates where the downburst/ microburst winds are the strongest (Przybylinski 1995) . A mesolow is apparent in the perturbation pressure field but it is not as distinct as the previous example (Fig. 5) . The parcel trajectory skirts to the south of the minimum in perturbation pressure instead of through the center of the mesolow. The results presented in this paper support the dominant role that mesovortices play in determining where the strongest wind damage associated with bow echoes is located. The pressure gradient force is nonnegligible because it is the only term in the momentum equation that can accelerate the wind. However, the analysis shown in Fig. 4 strongly suggest that the mesovortices produce preferred regions of damaging low-level winds that can best be described as a superposition of the circulation and the flow in which it is embedded. This model explains the tongue of high wind speeds that is confined to the periphery of the mesovortex (Fig. 1c) . Removal of the mesovortex (as illustrated in Fig. 4 ) results in a displacement of the high winds to another location and over a larger region. Key signatures for forecasters to be aware of are "S shaped" patterns along the gust front in the single-Doppler velocity field, which frequently indicate developing mesovortices. In addition, small convex regions in the convective line may also form in response to a strong mesovortex. The area susceptible to damaging straight-line winds will be displaced from the center of the mesovortex in a region where the flow associated with the circulation is in the same direction as the movement of the convective line.
The origin of the vortex couplet
The origin of couplets of vorticity of the type documented in Figs. 1a and 1b is investigated in this section. Trapp and Weisman (2003) propose that the couplets are initiated at low levels by the tilting in precipitating downdrafts of crosswise horizontal baroclinic vorticity produced at the leading edge of the cold pool. The cyclonic vortex eventually dominates owing to the stretching of planetary vorticity.
The tilting and stretching of vertical vorticity were calculated in the present case in an attempt to understand the generating mechanism of the vortex couplet (Fig. 6) . The first Doppler wind synthesis (0510-0522 UTC) was selected in order to examine the vortex genesis stage of the couplet discussed in section 3a. The analysis in Fig. 6a suggests that the anticyclonic and cyclonic vorticity centers are a result of downward tilting of horizontal vorticity. Stretching supports the continued strengthening of both circulations (Fig. 6b ).
An approximate north-south cross section through the vortex couplet is presented in Fig. 7 . A new cell that has initiated over the outflow boundary is dominated by updrafts as it continues to intensify (Fig. 7a) . This cell is also apparent in the east-west cross section shown in Fig. 2a (labeled 1 on the radar reflectivity plot). Another updraft is located to the south of the cell (i.e., on the left-hand side of Fig. 7a ) and is a component of the forced uplift at the leading edge of the outflow boundary.
A pronounced downdraft is positioned between the two updrafts and the anticyclonic and cyclonic vorticity features located near the surface. The location of the downdraft suggests that the tilting of horizontal vorticity is important in initiating mesovortices as suggested by Trapp and Weisman (2003) . Indeed, the relationship between the downdraft (Fig. 7a ) and the orientation of the vorticity vectors at the lowest level in the cross section ( Fig. 7b ) point to vortex tilting in the generation of the couplet. Low-level plots of horizontal vorticity (not shown) reveal that the component of vorticity that is being tilted in Fig. 7b is the baroclinically produced circulation at the leading edge of the cold pool. Tilting by a downdraft of this latter horizontal vorticity would produce anticyclonic vertical vorticity to the north of the cyclonic vorticity as proposed by Trapp and Weisman (2003) . Interpretation of the vorticity vectors above the lowest level in Fig. 7b is complicated by the existence of environmental horizontal vorticity above the cold pool and circulations produced by the convection. Environmental vorticity is created by the ambient wind shear and is represented by a vector that often points in the opposite direction of the horizontal vorticity generated within the cold pool (e.g., Rotunno et al. 1988; Weisman and Davis 1998) . Additional evidence that is consistent with this mechanism can be identified by comparing Figs. 1a, 1b , and 6. The northeast sector of Fig. 6a is dominated by two bands of positive and negative tilting. The bands are being produced by downdrafts (not shown) that are tilting the baroclinically produced horizontal vorticity vector. No vorticity couplet is apparent in this region at this time (Fig. 1a) . However, a couplet does develop in this area by the next analysis time (northeast corner of Fig. 1b) with an orientation consistent with the tilting pattern (Fig. 6a) . The location of this new vorticity couplet has been superimposed on the tilting and stretching pattern from the previous analysis to highlight this relationship (Fig. 6a , the open circle and cross). Moreover, the region where that cyclonic vortex will develop is embedded in a zone of positive stretching (Fig. 6b) . Accordingly, an examination of the terms that predict the tendency of the vertical vorticity in the northeastern domain shown in Fig. 6 suggests that a vorticity couplet could develop in this region with the cyclonic member being more intense. This appears to be the case in Fig.  1b. A difference in the schematic model of the initiation of the mesovortices shown by Trapp and Weisman (2003) is the origin of the downdraft. They propose that the downdraft is produced by precipitation. Analysis presented in Figs. 2a and 7a reveal that the cell forming above the outflow boundary is still growing and dominated by updrafts. The downdraft is clearly developing within weak radar reflectivities, an indication that the downdrafts were not forced by precipitation loading. Instead, these downdrafts are mechanically forced (e.g., Heymsfield and Schotz 1985; Raymond et al. 1991; Yuter and Houze 1995) . This mechanism is a result of the pressure gradient forces required to maintain mass continuity in the presence of buoyant parcels (see Houze 1993). These downdrafts can be intense but often do not reach the surface (Knupp and Cotton 1985) . Fortunately, the downdrafts only need to penetrate the top portion of outflow boundary in order to tilt the horizontal vorticity into the vertical, which appears to be the case in Fig. 7a . Further evidence of the mechanically forced nature of the downdraft can be seen on either side of the echo labeled 1 in Fig. 2a . In retrospect, it is not surprising that these developing cells are unable to produce precipitating downdrafts near the gust front. The cells would be entering their mature stage well behind the leading edge of the cold pool (e.g., see the cell labeled 2 in Fig. 2a , which appears to be raining). It should be noted that this conclusion is based on a single case study and does not rule out other possible mechanisms that can produce vortex couplets.
Horizontal shear instability has frequently been cited as a causal factor in creating vorticity maxima along convergence boundaries (e.g., Carbone 1982; Mueller and Carbone 1987; Wakimoto and Wilson 1989; Lee and Wilhelmson 1997) . Linear theory predicts that the fastest growing mode for this instability will be at a wavelength ϳ7.5 times the transition zone width (Miles and Howard 1964) . The raw single-Doppler velocity data were examined in order to estimate the shear zone width across the gust front. The average width and standard deviation were 3.4 and 0.8 km, respectively. Accordingly, the most unstable wavelength would be between 19.5 and 31.5 km. The vertical vorticity analyses shown in Part I suggest that the major cyclonic maxima are approximately separated by these distances (see Figs. 10 , 12, 14, and 15 therein). However, finerresolution data presented in this paper reveal closer spacing as shown in Fig. 1b . In addition, the tendency for vortex couplets to develop along the gust front rather than circulations of the same sign would appear to rule out horizontal shearing instability as the initiation mechanism (also noted by Trapp and Weisman 2003) . 
The Storm Lake bow echo
The results presented in section 4 suggest that mesovortices play an important role in the generation of high winds. The generality of the conclusions was examined by analyzing another bow echo event that occurred during BAMEX. The conditions that would support bow echoes existed over Nebraska and Iowa in the evening of 23 June 2003. Convection initiated over northeastern Nebraska at ϳ0030 UTC and organized into a quasilinear convective system by 0300 UTC. The system evolved into a bow echo in northwestern Iowa during the time that numerous reports of fallen trees and roof damage were received by the National Weather Service.
Aerial and ground surveys were undertaken to determine the extent of the damage caused by the storm, which is referred to as the Storm Lake bow echo. A map based on the survey is presented in Fig. 8 . The flow arrows reveal that the strongest winds were generally 1 It should be noted, however, that numerical simulations by Lee and Wilhelmson (1997) reveal horizontal shear instability occurring at roughly half the theoretical prediction of Miles and Howard (1964) . They state that the size and amplitude of the initial triggering instabilities play a major role in determining the separation of the initial mesocirculations along the shear zone. Accordingly, reducing the theoretical wavelength by half (i.e., 8.75-15.75 km) results in closer agreement with the observed mesovortices noted in the present study. from a northwesterly direction. The surface damage was not as severe when compared to the survey in the aftermath of the Omaha bow echo shown in Part I. Indeed, no region was rated F0 or greater in intensity. The damage covered a wide region ϳ50 km wide and 150 km long; however, it was not a continuous swath of damage. Three separate regions of damage were identified during the survey with the largest area located southwest of Storm Lake. The radar reflectivity data from the Des Moines, Iowa (DMX), Weather Surveillance Radar-1988 Doppler (WSR-88D) at 0622 and 0637 UTC are shown in Fig.  9 . A gust front is apparent as a thin line of radar reflectivity. Also plotted are the surface weather data and the damage/no-damage boundary based on the results presented in Fig. 8 . There is substantial cooling and an approximate 180°shift in wind direction from southeasterly to northwesterly after the passage of the outflow boundary at each surface station.
The track of the NRL P-3 is drawn in Fig. 9 and represents 2 of 15 flight legs past the storm. An inspection of the damage contours superimposed onto the radar reflectivity plot reveals that the production of strong surface winds was nearly over at this time. However, the data collected during this period were of primary interest because a well-defined mesovortex was identified along the outflow boundary.
The evolution of the mesovortex was captured in three consecutive wind syntheses using data collected with ELDORA. The Doppler radar methodology is the same as the one used to analyze the Omaha bow echo. The synthesis from 0628 to 0642 UTC was selected because it represents the time when the mesovortex attained its peak intensity (Fig. 10) . A segment of the convective line has assumed a bow-like structure and a rear-inflow notch has formed behind the apex (Fig.  10a) . The bow structure and a large pocket of strong, negative Doppler velocities associated with the descending rear-inflow jet are centered within the damage contour. The red arrow in Fig. 10b denotes the position of a cusp in the single-Doppler velocities, indicating the presence of circulation. An enlargement of the wind synthesis in the region of the cusp feature is presented in Fig. 11 . The updrafts are segmented along the gust front, similar to results shown in Fig. 1 . A mesovortex near the cusp can be identified in the storm-relative wind field and the vertical vorticity analysis. This circulation is not as intense as the mesovortex associated with the Omaha bow echo. The gradient of the single-Doppler velocity on the cold-air side of the outflow boundary (Fig. 11b) is weaker than the equivalent fields shown in Fig. 1 . The highest wind speeds in Fig. 11b remain ϳ15 km to the west of the outflow boundary instead of wrapping around the mesovortex and producing an intense isotach gradient south of the circulation (see Figs. 1c and 5) . The surface damage created by the Storm Lake bow echo is different when compared with the Omaha bow echo. The latter was characterized by a narrow swath of high winds rated ϾF1 in damage intensity. This intense flow was embedded within a larger region of sporadic damage. The mesovortex was responsible for creating the damage swath while an intense, descending rearinflow jet was responsible for the weaker damage spread over a larger region. In contrast, the damage associated with the Storm Lake bow echo appears to be primarily associated with a weaker rear-inflow jet. It is the combination of a weak rear inflow and mesovortex in this case that contributed to the absence of smallerscale swaths of damaging winds.
Summary and discussion
A detailed analysis of the evolution of a mesovortex located near the apex of the Omaha bow echo was presented. The mesovortex originated as the cyclonic member of a vortex couplet that formed near the leading edge of an outflow boundary. The couplet was produced by tilting the horizontal baroclinic vorticity produced by the cold pool. The formation of vortex couplets rather than circulations of the same sign would appear to rule out horizontal shearing instability as the initiation mechanism. Downdrafts that were mechanically forced along the periphery of a developing cell provided the tilting mechanism as shown in Fig. 12 . The origin of the downdraft is different than the one proposed by Trapp and Weisman (2003) . They suggest that the downdrafts develop within precipitation from mature thunderstorms (see their Fig. 23 ). In the present case, storms initiated above the outflow boundary would not be able to produce a precipitation downdraft unless they were well to the rear of the gust front (Fig. 12) .
The mesovortex intensified via vortex stretching and was located to the north of the region of damage rated ϾF1 in intensity. Trapp and Weisman (2003) hypothesize that intense mesovortices produce mesolows via the fluid shear terms in the diagnostic perturbation pressure equation. The horizontal pressure gradients that subsequently develop were proposed to be the primary forcing mechanism for the generation of strong surface winds. The current study suggests an alternative explanation.
The evidence presented in this paper supports the important role that mesovortices play in producing damaging straight-line winds. The pressure gradient forces accelerate the horizontal winds; however, intense mesovortices modify the low-level outflow and largely determine the locations where the strongest winds occur. The preferred regions can best be described as a superposition of the vortex and the flow in which it is embedded. This model explains the observed tongue of high wind speeds that were confined to the periphery of the mesovortex. It is also consistent with the air parcel trajectories, which do not follow a path along the maximum horizontal pressure gradient created by the mesolow. The strongest winds occur on the side of the vortex where translation and rotation effects are in the same direction. This finding supports the damage survey presented by Forbes and Wakimoto (1983) . Several tornadoes documented in their study were accompanied by microburst damage located immediately to the south of the tracks (see Fig. 2 in Part I). It is also in agreement with the results from Atkins et al. (2005) . Removal of the mesovortex circulation results in a displacement of the high winds to another location and over a greater area. The displaced isotachs of high wind speed appeared to be an extension of the descending rear-inflow jet.
Another bow echo event that occurred near Storm Lake, Iowa, was investigated in order to identify similarities and differences between the two cases. The Storm Lake bow echo produced damage over an extended region, but it was rated ϽF0 in intensity. DualDoppler wind syntheses suggest that the damage was largely associated with the descending rear-inflow jet. A mesovortex was resolved in the wind field but was too weak to have significantly impacted the outflow winds.
The results presented reveal the dominant effect that intense mesovortices have in producing jets of high wind speed. A key question that remains is the relationship between these intense mesovortices and bow echo tornadoes. Unfortunately, no multi-Doppler data were collected on a tornado spawned by a bow echo during BAMEX. berlain participated in the ground survey of the damage produced by the 24 June bow echo. Research results presented in this paper were supported by the National Science Foundation under Grant ATM-021048 (through RMW) and ATM-0233178 (through NTA).
APPENDIX

Radar Methodology and Perturbation Pressure Retrieval
The ELDORA data were edited and the aircraft motion was removed from the velocity field using the Solo II software package (Oye et al. 1995) . The data were then corrected for navigational errors using a technique developed by Testud et al. (1995) . The alongtrack data spacing and sweep-angle beam spacing for ELDORA during BAMEX were ϳ300 m and 1.4°, respectively. The latter led to an effective sampling of ϳ400 m in the vertical within the smaller domain highlighted in this paper. Accordingly, the primary wind syntheses shown in this paper were interpolated onto a grid with a horizontal and vertical grid spacing of 300 and 400 m, respectively. A Cressman filter (Cressman 1959) was applied during the interpolation process with a radius of influence of 300 m in the horizontal and 400 m in the vertical. Sensitivity studies with larger radii of influence did not significantly alter the results. The lowest level was chosen to be at 300 m AGL.
The synthesis of the radar data was performed using the Custom Editing and Display of Reduced Information in Cartesian Space (CEDRIC; Mohr et al. 1986) . A three-step Leise filter (Leise 1982 ) was applied to the Doppler wind field. This filter effectively removes wavelengths less than 2.4 and 3.2 km in the horizontal and vertical directions, respectively. In addition, horizontal and vertical wavelengths less than 4 and 5 km, respectively, are strongly damped. It is believed that the large time gap between synthesis times is partially mitigated by the larger resolvable scales. The hydrometeor fall speeds were estimated from the reflectivityterminal fall speed relationship established by Joss and Waldvogel (1970) , with a correction for the effects of air density (Foote and du Toit 1969) . Vertical velocities were obtained from the horizontal convergence in a variational sense (O'Brien 1970) such that an integration of the anelastic continuity equation met both the upper and lower boundary conditions of w ϭ 0 m s
Ϫ1
. Gal-Chen (1978) first proposed the use of threedimensional winds synthesized from multi-Doppler radar analyses to retrieve the total perturbation pressure ( pЈ) and density patterns using a least squares method in a horizontal plane. The retrieval treats the pressure and temperature as unknown variables and solves the Poisson equation derived from the anelastic momentum equation. While this method retrieves individual horizontal cross sections of perturbation pressure, it does not reveal its vertical structure. Roux (1985 Roux ( , 1988 , Roux and Sun (1990) , and Roux et al. (1993) were able to modify Gal-Chen's method in order to retrieve the full three-dimensional perturbation pressure. This was accomplished by deriving a thermodynamic equation that relates the advection of temperature to the latent heat released through condensation or absorbed through melting and evaporation while neglecting other diabatic heat sources and sinks. It is assumed that saturated and unsaturated conditions occur during the production and removal of precipitation, respectively. The Roux technique, including the tendency term, is used in the present study.
A momentum check was performed to assess the quality of the retrievals. The values ranged from 0.18 to 0.24 for all of the analysis volumes shown in this paper, which is well within the acceptable range defined by Gal-Chen and Kropfli (1984) . The momentum check is 0 when the wind field satisfies the anelastic vertical vorticity equation. Hence, the momentum check provides a dynamical constraint to the derived wind field that is more rigorous than the kinematic constraint (e.g., satisfying the mass continuity equation). The time gap between syntheses was 12-13 min. The retrievals presented in this paper were compared with the steadystate solutions (not shown) in order to assess whether these time gaps were too large to accurately estimate the tendency term. There were very small differences in the patterns and the individual values of the isopleths, suggesting that this effect was minimal although the values of the momentum check rose significantly. The latter is not surprising because the time evolution of the wind field needs to be included in order to produce the best retrievals.
